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Protonation and stability constants for Gly,HisGly and its Cu(ll) complexes (Bmn), determined at 25.0 °C and
u = 0.10 M (NaClO,), have values of log Soir = 7.90, log B = 14.51, log foa1 = 17.55, log fin = 7.82,
log f1- = —0.80, and log f1-31 = —12.7 (where the subscripts refer to the number of metal ions, protons, and
ligands, respectively). The reaction of Cu'(H_,Gly,HisGly)~ with L-ascorbic acid and H,O, at p[H*] 6.6 rapidly
generates Cu"(H_,Gly,HisGly) with Ams at 260 and 396 nm, which is separated chromatographically. The Cu(lll)
complex decomposes to give alkene peptide isomers of glycylglycyl-a.,-dehydrohistidylglycine that are separated
chromatographically and characterized. These alkene peptide species are present as geometric isomers with imidazole
tautomers that have distinct spectral and chemical characteristics. The proposed major isomeric form (94%),
Z-N"-H, has a hydrogen on the 7 nitrogen of the imidazole ring and three conjugated double bonds. It has absorption
bands at 295 and 360 nm at p[H*] 6.6 in the absence of copper. The proposed minor isomeric form (6%) is
E-N7—H with a hydrogen on the s nitrogen of the imidazole ring. This isomer has four conjugated double bonds
and strongly binds Cu(ll) to give a complex with intense absorption bands at 434 and 460 nm.

Introduction intermediate that causes DNA cleavage has not been identi-
fied, the limited range of cleavaysuggests that it is a
nondiffusible oxidant. Therefore, the reactive nature of the
oxidizing species and the precision of the DNA degradation
implies that the species may be trivalent copper.

Dervan and co-worketg coupled the carboxylate end of
glycylglycyl-L-histidine to the glycylamine terminal of Hin
recombinase, which selectively binds DNA. The addition of
Cu(ll) followed by HO, and ascorbic acid led to site-specific . !
oxidative DNA degradation. The ability of Cu(ll) or Cu(llly . _Margerum and co-workers have investigated and charac-
complexes of the tetrapeptide residue glycylglycytisti- terized the Cu(ll) and Cu(lll) complexes of various peptides

H i it 9 ,10 _
dylglycine (Gly:HisGly) to assist in the oxidative degradation W|th5r§spect to their reactivity; §trygture§, &.m.d prc_)d
and site-specific cleavage of DN is of considerable ucts>® Copper(lll) complexes of histidine-containing tripep-
interest tide$ and tetrapeptidésindergo rapid oxidative degradation

Other investigatofshave proposed that hydroxyl radicals of thg peptide. Thesg p.eptides are pxidized at the third residue
are generated in the reaction of Cu(ll)@HjsGly with to give a-hydroxyhlst.ldyl denva‘uveg that dehydr'ate to
ascorbic acid and #D, in a Fenton type mechanism, where produce al_k_ene speC|ea,ﬁ-qlehydrohlstldyl_ derivatives).
Cu(ll) is reduced to Cu(l) that reacts with,®h to generate Decomposition products of hlstldlne-c_ontalnmg copper com-
-OH. However:OH is a highly diffusible oxidizing species plexes have been characterized previously by X-ray crystal-
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lography, where Cl(glycylglycyl-a,5-dehydrohistamine)
crystals were isolated from a solution that originally con-
tained CU(H_.Gly,His)™ in the presence of alt:'?If copper-
(1) were removed from this structure, the resulting alkene
peptide would be in & geometric conformatiof?

The redox behavior of the coppepeptide complexes in
solution may differ significantly from their behavior when

Burke et al.

stored at 10C when not in use. Solutions of NaOH were prepared
from a saturated solution, stored under argon, and standardized
titrimetrically with potassium hydrogen phthalate. Solutions of
HCIO, were standardized with the NaOH. The ionic strengih (
of each solution was controlled with NaCJC5olutions of NaCIQ
were prepared from the recrystallized salt, gravimetrically standard-
ized, and stored under argon.

Solutions of Cu(ClQ), were prepared from the twice-recrystal-

attached to Hin recombinase bound to the minor groove of |i,aq sait and standardized with EDTA. The GlyHisGly, Gly,-

DNA. In addition to changes of the outer-sphere environ-

L-His, and Gly peptides were purchased from BACHEM Bio-

ment, the bound copper complexes are not free to react withscience, while Gly-L-HisNH, and GlyHa were synthesized by Dr.

one another as they do in solution. In all of our Cu(lll) studies
where the peptide is oxidized, the initial first-order Cu(lll)
oxidation step is followed by a rapid reaction with a second
Cu(lll) complex in order to give stable two electron oxidation
products>®1418 This cannot occur in the DNA experiments;
thus, the isolated Cu(lll) species or its initial intermediates
would have more time to react with DNA.

In the present work, the Cu(ll) complexes of the tetrapep-
tide are characterized in terms of their stability constants as i o4 with IrCl2-

well as UV—vis and circular dichroic (CD) spectra. Hydro-
gen peroxide is ineffective in oxidizing Cu(Hpeptide

Hsiu-Pu D. Lee at Purdue University. The aqueous Cuf{itland
complex was prepared by dissolving-50% excess of the peptide
with Cu(CIQy), to ensure formation of 1:1 complexes. Phosphate
buffer (NaHPOy/NaHPO, mixtures) was added and the pH
adjusted to greater than 6.0 to give complete formation of the
complex.

Chemical oxidation of Cu(lh-peptide complexes was achieved
by two methods: (1) Cu(Itypeptide species were mixed with®h
and L-ascorbic acid (HA), or (2) Cu(ll)—peptide species were
where Na(IrClg)-6H,0 was standardized
spectrophotometrically egg; = 4075 Mt cm™1).25 H,O, was
standardized with KMn@ L-Ascorbic acid and dehydroascorbic

complexes to Cu(lll), and ascorbic acid is known to reduce acid (stored in the dark at8 °C) were used as received. All metal

Cu(lll) complexe®® as well as HO,.2°24 Thus, we were
skeptical about the ability of the mixture of.,8, and
ascorbic acid to form Cu(llpeptide complexes. However,

peptide oxidation reactions were performed under red lights.
Instrumentation and Methodology. Potentiometric titrations
(in triplicate) were performed with an Orion model SA 720 research

we show that Cu(lll) complexes are indeed generated from PH meter with a Coming combination glass electrode. The base

this mixture. Hence, Cu(lll) could be an intermediate in the
oxidative degradation and cleavage of DNA under Dervan
conditionst? Under our conditions, the Cu(lll) complexes

decompose to give relatively stable alkene peptides that ar

e

titrant (0.1 M NaOH) was delivered from a calibrated Gilmont ultra

s precision micrometer syringe. The solutions were thermostated at

25.0(1) °C and purged with argon during titration. Electrode
calibration allowed for correction from measured pH values to
—log[H*] in order to obtain accurate [H values expressed in

present in several isomeric and tautomeric forms with intense qjarities. Titration data were analyzed by a modified veriof

UV —vis spectral bands.

Experimental Section

Reagents.All solutions were prepared with doubly deionized
distilled water (18MQ), filtered through 0.22m filter paper, and
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Kinetic studies of fast reactions were performed with an Applied
Photophysics model SX-18MV stopped-flow spectrophotometer in
a 0.962 cm observation cell. Reaction species were followed at
360 and 528 nm with time scales from 0.1 to 1000 s at 25.0¢1)
andu = 0.10 M (NaClQ). All rate constants reported are the
average of five pushes. SigmaPlot 280(@ver. 7.101) was used
for regression analyses. UWis absorption spectra were measured
with a Perkin-Elmer Lambda 9 UWvis—NIR spectrophotometer.
Spectra were acquired from 200 to 800 nm at 480 nm/min with
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taken with a Jasco J600 spectropolarimeter.

Cyclic voltammetry (CV) and Osteryoung square-wave voltam-
metry (OSWV) data were collected with a BAS-100 electrochemical
analyzer. A glassy carbon working electrode (3 mm diameter),
platinum wire auxiliary electrode, and Vycor tip Ag/AgCl reference
electrode storechi3 M NaCl E° = 0.194 V vs NHE) were used.

Cu(ll)—peptide complexes were electrochemically oxidized by
using a BAS-100 electrochemical analyzer. Solutions of-Cu
(H—.Gly,HisGly)~ at p[H"] 6.6 were passed through a flow-through
bulk electrolysis columhto generate Cl(H-_,Gly,HisGly); E°
0.978 V versus NHE for this coupfeThe working electrode was
a graphite powder electrode packed to a height of 1.3 cm in a porous
glass tube (0.5 cm (i.d.)) and wrapped externally with a platinum
wire (auxiliary electrode). The reference electrode was a Vycor tip

(25) Owens, G. D.; Margerum, D. Whorg. Chem1981, 20, 1446-1453.

(26) Hauer, H.; Billo, E. J.; Margerum, D. W.. Am. Chem. Sod.971,
93, 4173-4178.

(27) SigmaPloty. 2001 for WindowsSPSS, INC.: Chicago, IL, 2001.



Cu(ll)Gly ,HisGly Oxidation by HO,/Ascorbic Acid

Ag/AgCI electrode storechi3 M NaCl E° = 0.194 V vs NHE). Table 1. Cumulative Protonation and Cu(ll) Stability Constants

Potentials of 0.861.0 V versus Ag/AgCI were appli_e(_i to _the constant GlyHisGlys Gly,His? Gly,His®
column. A Harvard Apparatus Compact Infusion Multi-fit syringe
|Ogﬁ011 7.90(1) 8.14 8.23

pump generated flow through the column at a rate 8ImL/ logBos 14.51(3) 15.06 15.22
min. The column was conditioned with water (100 mL at 1.0 mL/ logBos1 17.55(5) 17.89 18.06
min) and 0.10 M HCIQ (100 mL at 1.0 mL/min). The Cu(llty logB121 16.72
peptide complex was collected in dilute HGl@fter preparation loghis 11.78 13.56
! S logB101 7.82(9) 7.55
in order to limit its decay. However, when p{fH7 was necessary, logB1-11 268
the solution was collected in phosphate buffer. l0gB1-21 -0.8(1) -1.92 ~1.25

Reaction intermediates and products were separated by using a :ogﬂHl -12.7(2) —11.94
Varian 5000 liquid chromatograph equipped with a Hewlett-Packard |g£ﬁ§ gg‘gi
1050 diode array detector, Witn 1 cmcell path length and 18L l0gB102 16.68
volume. Whatman Partisil 10 strong cation exchange (SCX) logBi-12 9.73
columns were used for separations: analytical (4.6 mm (ixd.) logBi1-22 143
250 mm), Magnum 9 (9.4 mm (i.d3 250 mm), and Magnum 20 aThis work: 25.0(1)°C, u = 0.10 M (NaClQ). For ligand titrations
(22 mm (i.d.)x 500 mm). Mobile phases of 0.075 M [BI@ (u = only, [L]T = 6.93 mM; for ligand+ Cu(ll) titrations, [L}r ranges from
0.10 M (NaClQ)) at p[H"] 2.47, 0.037 M [PQ] at p[H"] 6.73, 5.18 to 7.47 mM and [Cu(ll}] ranges from 4.69 to 5.37 mM. Results are

: averages from three ligand titrations and from nine lig&an@u(ll) titrations.
or 0.025 M (NH)HCO; at p[H'] 2.93 were used for separations Numbers in parentheses represent one standard deviation in the last digit

(flow rate = 1.0—3.0 mL/min, injection volume= 0.050, 0.50, or reported? Ref 28,u = 0.15 M (NaCl), 25°C. ¢ Ref 31, 21°C.
5.0 mL, 0.015 mM oxidized peptide per injection, ande: =

220, 360, 402, 434, and 460 nm). All solutions were degassed and P ¥ ~ P
filtered before injection. Fractions were collected in iced containers mCu™ + hH" + 1L~ == Cu,(H,L) 1)
(5 °C) and immediately lyophilized or taken for mass spectrometric

[Cuy(Hpl)]

analysis. A Virtis FreezeMobile 12 lyophilized samples-&0 °C Bor=

and 60 millitorr. mhl
Separation of th&e-N"—H conjugated histidyl tautomer from

Cu(ll) was achieved by collecting 50 fractions of the tautomer (3 HT + L =—HL (3)

5% of 1 mM [Gly:HisGly]), still bound to Cu(ll) at p[H] 2.47.

[Cu2+] m[H +] h[L —]I (2)

The p[H'] was increased to 6:56.8 and mixed with 200% excess o P

EDTA for 2 h. The resulting mixture was separated chromato- 2H +L =H]L (4)
graphically with 0.037 M [P(]t at p[H'] 6.73, where the Cu(If p

EDTA complex was removed from the unbound tautomer. Sepa- 3H + L~ <—0—3*1H3L2+ (5)
ration of geometric isomers of conjugated histidyl tautomers was

performed with 0.037 M [Pg}r at p[H*] 6.73. The experimental titration curves for solutions of Cu(ll) and

Mass spectrometric data were collected on a Bioion 20R plasma Gly,HisGly fit equilibria given in eqs 611 but did not
d_esorption mass spectrometer (PD-MS). Samples_ were applied torequire equilibria for Cu(HL), CuHL,, CuH-;L,, and
nitrocellulose, and spectra were obtained for 15 min. Electrospray CuH-,L,. Nine titration results (3 sets in triplicate) were used.

ionization mass spectrometry data were collected by using aThe [Cul ranged from 4.69 to 5.37 mM, and [Lfanged
Finnigan MAT LCQ mass spectrometer system. The sample was from 5.18 to 7.47 mM '

dissolved in water/acetonitrile, and the drying gas was N

IR data were obtained with a Perkin-Elmer Spectrum 2000 FT- " 4 _ ﬂ_u)l or
IR. The alkene samples were mulled, or a thin film was applied to CU' +H +L = Cu(HL) (6)
Teflon tape. Fractions of the alkene products (100 fractions) were I
collected, lyophilized, and resuspended i500(99.9%) for NMR C¥ +L =cuL" 7
analysisH NMR spectra were obtained with a Brucker DXR 500 ,
MHz spectromete_r for 0.010.03 M samples of the alkene peptides Ct + L = Cu(H L) + Ht 8)
run for 500 transients.

B

Results and Discussion CU" + L™ =Cu(H_L) +2H" (9)

The generalized cumulative formation reactions of peptide . N . .
ligands with protons and Cu(ll) are given in eq 1, where L CU#" + L ==Cu(H_4L)> +3H (10)
is the basic form of the ligand, and the stability constant

1 1 1 1 1 6102

PBmni is defined by eq 2. Analysis of titration data for the Ch + 2L =% CuL, (11)

peptide ligands in the absence of Cu(ll) gives the cumulative

protonation constants for amine, imidazole, and carboxylate Protonation Constants for Gly,HisGly. The individual
groups, respectively (eqs—3). Three titrations at 25.0C protonation constants for the amine, imidazole, and carbox-
andu = 0.10 M (NaClQ) with 70—100 sets of data each ylate groups are given in eqs124. The amine protonation
were evaluated with [l5] = 6.93 mM. Table 1 gives the constants for GlHisGly are slightly lower than those
average value and standard deviation for fthg, So21, and determined for GlyHis?®-30 and GlyHisGly (Table S13%-22
Poz1 constants. The imidazole and carboxylate protonation constants for

Inorganic Chemistry, Vol. 42, No. 19, 2003 5809
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Total Ligand, %

40
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Figure 1. Species distribution diagram for GhtisGly, where [L} =
[L-] + [LH] + [LH2T] + [LHs?*] = 6.93 mM, 25.0(1)°C, andu =
0.10 M (NaClQ).

Gly,HisGly and GlyHisGly are different by 0-20.4 log units

as compared to values for GHis. This suggests that the
nearby carboxylate group in the terminal His residue favors
the protonation. Figure 1 gives the GHisGly species
distribution as a function of p[H.

log KN = log y;, = 7.90 (12)
log K™ = log By, — l0g oy, = 6.62  (13)
log K“*°"'= log iy, — 10g fpz1 = 3.04 (14)

Cu(ll) —Ligand Stability Constants. Under our experi-
mental conditions (1639% excess ligand and 4.6%.37
mM Cu(ll)), no evidence of bis-ligand complexes of &ly
HisGly with Cu(ll) was found. As shown in Table 1, Lau
and Sarka®?° reported five bis complexes for Cu(ll) and
Gly,His. However, Aiba, Yokoyama, and Tanak&} who
used only 1:1 reactants, did not report any bis complexes
with Gly,His. In the present work, nine titrations with three
different ratios of Cu/L were used to verify the best model
for the Gly:HisGly system. Values were obtained 64os,
B1-21, and B1-31, but the data did not fit equilibria corre-
sponding t@3121, B111, B1-11, OF any bis complexes. The main
complex present from pH 5 to 10 is {Qi—_,Gly,HisGly)".

Its structure is given in Figure 2a, and the species distribution
for all the Cu(ll) complexes as a function of p{His given

in Figure 3. The present work found Igy—»; = —0.8 for
Gly,HisGly, which is a factor of 19*>-10%'? more stable
than the corresponding complex of GHjs 2831

(28) Lau, S.-J.; Sarkar, Bl. Chem. Soc., Dalton Tran§981, 2, 491—
494,

(29) Lau, S.-J.; Kruck, T. P. A,; Sarkar, B.Biol. Chem.1974 249 5878~
5884.

(30) Yokoyama, A.; Aiba, H.; Tanaka, HBull. Chem. Soc. Jpri974 47,
112-117.

(31) Aiba, H.; Yokoyama, A.; Tanaka, Hull. Chem. Soc. Jpri974 47,
1437-1441.

(32) Bryce, G. F.; Roeske, R. W.; Gurd, F. R. l.Biol. Chem.1965
240, 3837-3846.
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Figure 2. Proposed structures for (a) Qt—_,Gly,HisGly)~, (b)

Cu'(H-3Gly,HisGly)?~, (c) CU" (H-2Gly-HisGly), (d) Cd' (H-2Gly>-o-OH—
HisGly)~, (e) CU'(H-.Gly>-Z-a,3-dehydro(N-H)HisGly)™, (f) Cu'(H-_s-
Gly,-E-a,3-dehydro(N-H)HisGly)?-, and glycylglycyle,3-dehydrohisti-
dylglycine isomers, (gZ-N*—H and (h)E-N7"—H.

100

%0 cu(H_3Gly,HisGly) 2

60

cu(H_,Gly,HisGly)"

40

Total Cu(IT)-Gly,HisGly, %

cull(Gly,HisGly) "
20

+
p[H']

Figure 3. Species distribution diagram for Cu(ll)-complexes. [Cufl)]

= 5.14 mM, [L}r = 5.65 mM, 25.0(1)°C, andu = 0.10 M (NaClQ).

Calculated from potentiometric data.

Small amounts of CYGly,HisGly)" are found at pH 45,
where Cu(ll) is coordinated to an amine nitrogen and
imidazolium nitrogen. Above pH 12, &(H_3Gly,HisGly)y>~
becomes the main complex, where imidazole deprotonation
occurs as shown in Figure 2bThe CU (H_3L)?>~ complex



Cu(ll)Gly ,HisGly Oxidation by HO,/Ascorbic Acid

Table 2. Molar Absorptivity Values for Reaction Intermediates and
Products

reaction species Anm M tcm?t
Cu'(H_2Gly,HisGly)~ 528 96
CU" (H_,GlyHisGly) 2600 4200
3960 1700
360 600
528 7
CU'(H_sGly-E-.,B-dehydro(N—H)HisGly)2~ 434 7800
46020 11,000
360 1800
528 160
CU'(H-2Gly2-Z-a,8-dehydro(N—H)HisGly)~ 295 1000
360* 2900
460 230
528 134
Glyz-Z-a.,8-dehydro(N—H)HisGly?* 285 1700
350 2300
2 Amax for p[H*] 6.6. P Amax for p[H*] 2.47.
0.60 0.12

0.10

0.08

0.06

Aspg, 1 cm cell

0.04

Ellipticity at 505 nm, deg

0.02

0.00

p[H']

Figure 4. Dependence of the absorbance at 528 Agpg( and the ellipticity
at 505 nm @sos) of Cu(ll)—Gly,HisGly complexes on p[H]. [Cu(Il)]T =
2.55 mM, [L}y = 2.82 mM,u = 0.10 M (NaClQ), and 0.1 dm cell. Both
fits are calculated from potentiometrically determined values.

is characteristic of other histidine/histamine-containing tri-
peptide complexes of Cu(ll) in which imidazole deprotona-
tion takes placé!34The K ™ value of 11.9 in Cl{H_3Gly»-
HisGly)*~ is in contrast to values greater than 14 for histidine
itself 3

Spectral Characteristics of Cu(ll)Gly,HisGly Com-
plexes. UV—vis spectra of CUH-_,Gly,HisGly)~ and
CU'(H_3Gly,HisGly)*~ have Amax at 528 nm with molar
absorptivities (Table 2) of 96 and 100 Mcm™, respec-
tively. Previous investigatot$ound the saménmax value for
CU'(H_,Gly,HisGly)~ but did not report its molar absorp-
tivity. Absorbance data at 528 nm with increasing p[iftom
4 to 10 agreed with the potentiometrically determined

constants. Figure 4 shows these absorbance values and

circular dichroic data from p[H 4 to 12.3. These data

CD spectra of the Cu(ll) complexes of GHisGly have one
negative band at 590 nm and two positive bands centered at
305 and 505 nm, where the specific ellipticityy{[= 6/cl,

¢ = concentration in g/mL anb= cell length in dm) at 505

nm is 811(6) and 1068(8) dagL/dm-g for Cu'(H-,Gly»>-
HisGly)~ and CU(H_sGly,HisGly)>~, respectively.

Lack of Oxidation of Cu' (H_,Gly,HisGly)~ by O, or
H,0,. Oxidation of CU(H-,Gly,HisGly)~ to Cu(lll)® by
H,0,% is thermodynamically favorable (by 0.307 V at p[H
6.6 and 25.0°C). However, no spectral changes were
observed up to 15 h when excesgdd (50 mM) was added
to CU'(H-,Gly,HisGly)~ solutions at p[H] 6.6. Similarly,
solutions of the Cu(ll) complex saturated with either @
air show no change for at least 10 h. On the other hand,
Cu'(H_3Gly,)?" is readily oxidized to Cli(H_sGlys)~ by
oxygen3” which may be due to the 0.348 V lower reduction
potential for CU" (H_3Gly,)~2~ compared to Cf" (H_-
Gly,HisGly)”~. In the work by Dervan et al. DNA cleavage
was observed within 100 min after complexing Cu(ll) to
Gly,HisGly residues of modified Hin recombinase and
adding HO, and ascorbic acid in phosphate buffer. If
Cu'"(H_,Gly,HisGly) is a possible intermediate that leads
to site-specific DNA degradation, J./ascorbic acid mix-
tures are necessary to initiate cleavage within 100 min.

Lack of Reduction of Cu'' (H_,Gly,HisGly)~ by Ascor-
bic Acid. Ascorbic acid is well-known as a powerful
reducing agent The primary species present at pf-6.6
is ascorbate (HA) because BA has K, values of 4.03 and
11.343%° An electrode potential of 0.185 V (vs NHE) at pH
7 and 21°C has been determined for ascorbic &€ith the
presence of trace metal ionsyAdis easily oxidized by @
to give dehydroascorbic acid (A) and:®b.2>234+43 In our
work, H,A oxidation by Q in the presence of trace Cu(ll)
(1078 M) gave akopsq value of 1.51(8)x 107 s7%, which
suggests that significant amounts of®4 are not produced
in the reaction and that Owill not affect the oxidation
reaction of Cu(Il)GlgHisGly with H,O./H,A. On the other
hand, Buettnéf shows that the loss of ascorbate in air-
saturated and metal-free solutions at pH 7 has a first-order
rate constant of less than>6 107 s X. Hydrogen peroxide
does not appear to react directly with ascorbic &/ pbut
H,A oxidation by HO; is strongly catalyzed by Cu(ll), Fe-
(1), or histidine?>724 The UV absorption band for HAat

(36) Standard Potentials in Aqueous Solutidard, A. J., Parsons, R.,
Joseph, J., Eds.; Marcel Dekker: New York; 1985; pp-58.

(37) Kurtz, J. L.; Burce, G. L.; Margerum, D. WWhorg. Chem1978 17,
2454-2460.

(38) (a) Barron, E. S. G.; DeMeio; Klemperer, . Biol. Chem.1936

112 625-640. (b) Davies, M. B.; Austin, J.; Partridge, D. ¥itamin

C: Its Chemistry and BiochemistryRoyal Society of Chemistry

Paperbacks: Cambridge, England, 1991; pp8.

demonstrate evidence for the loss of a proton from the (39) Martell, A. E.; Smith, R. M.Critical Stability ConstantsPlenum

imidazole portion of His (Figure 2b) with &g = 11.9. The

(33) Tesfai, T. M.; Margerum, D. W. Submitted for publication.

(34) Gajda, T.; Henry, B.; Aubry, A.; Delpuech, J.Idorg. Chem.1996
35, 586-593.

(35) (a) Walba, H.; Isensee, B. Am. Chem. S0d.955 77, 5488-5492.
(b) George, P.; Hanania, G. I. H.; Irvine, D. H.; Abu-Issal.IChem.
Soc.1964 5689-5694. (c) Yagil, G.Tetrahedronl967, 23, 2855~
2861.

Press: New York; 1977; Vol. 3, p 264.

(40) Erdey, L.; Bodor, EAnal. Chem1952 24, 418-420.

(41) Yamazaki, |.; Mason, H. S.; Piette, L.Biol. Chem196Q 235, 2444~
2449,

(42) Bielski, B. H. InAscorbic Acid: Chemistry, Metabolism, and Uses
Seib, P. A., Tolbert, B. M., Eds.; Advances in Chemistry Series 200;
American Chemical Society: Washington, DC, 1982; pp-2Q0.

(43) Scarpa, M.; Vianello, F.; Signor, L.; Zennaro, L.; Rigoiorg. Chem.
1996 35, 5201-5206.

(44) Buettner, G. RJ. Biochem. Biophys. Method988 16, 27—40.
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Figure 5. UV-—vis spectral changes when Qt_,Gly,HisGly)~
([Cu()]t = 1.36 mM, [L}r = 1.41 mM) is mixed with ascorbic acid (1.0
mM) and HO, (1.00 mM) at p[HT] 6.6 in 0.020 M [PQ]t, « = 0.10 M
(NaClQy), and 25.0°C, where time at 360 nm per scan is as follows: (1)
197 s, (2) 317 s, (3) 557 s, (4) 797 s, (5) 917 s, (6) 1037 s, (7) 1157 s, (8)
1277 s, (9) 2177 s, (10) 2357 s, (11) 3317 s, and (12) 5915 s.

Aspg, 1 cm cell

265 nm is intense witla values of 14 50 or 15 000 M1

. L . . 528 nm
cm 1.4 Our studies indicate that dehydroascorbic acid has 0.10 L . . . ‘ ‘
an absorption band at 300 nm. However, all these bands are 0 200 400 _ 600 800 1000
well removed from the 3568475 nm range used in most of Time, s
the present work. Figure 6. Stopped-flow traces of Ci¢H_,Gly,HisGly)~ in the presence

. . of ascorbic acid and #D, at p[H'] 6.6 at 360 and 528 nm. [Cu(Ih]=
Ueda and co-worketseported that ascorbic acid reduces 1 g4 mm, [}y = 1.72 mM, [FbA] = 1.4 mM, [HO,] = 1.37 mM,u =

Cu'(H-2Gly-HisGly)~ to its Cu(l) complex. Their conclusion  0.10 M (NaClQ), p[H*] = 6.6 (0.020 M [PQ]y), 25.0°C, and 0.962 cm
was based on an absorbance loss at 528 nm as the ascorbRe!l- Assoshows the formation of Cu(lll) and the alkene peptidgss shows

. . . . e loss of Cu(ll) to give Cu(lll), where Cu(lll) decays to arOH
acid concentration was increased. However, buffer is needec*[ntermediate, and then-OH dehydrates to the alkene peptide. Because
to prevent ascorbic acid from decreasing the pH with the alkene has a greatess no a-OH loss is observed.
subsequent loss of Cu(ll) coordination. Our work shows no
loss in absorbance at 528 nm for 1.0 mM"Qd,Gly,-
HisGly)~ in 0.5-3.5 mM ascorbic acid at p[H 6.4—6.6.
Therefore, Cu(l) is not formed, and without Cu(l), a proposed
Fenton type reaction with 40, would not generate hydroxyl
radicalg in mixtures of CU(H-,Gly,HisGly)~, ascorbic acid,
and HO,.

Oxidation of Cu'" (H_,Gly,HisGly)~ by Ascorbic Acid
and H,O, To Form Cu" (H_,Gly,HisGly). Figure 5 shows
the large spectral changes that occur from 275 to 575 nm
over a period of 100 min when &(H_,Gly,HisGly)™ is
mixe_d with HZQZ a_nd ascorbic acid at p[F-]_6.6. Various 0 values than Cu(lll).
possible combinations of reactants were mixed and observe Chromatographic Separation of Cu(lll). Direct moni-
for 4 or more hours, and no spectral b"?‘“ds eft 360 anq 434/toring of the formation and loss of ®H_,Gly,HisGly) at
460 nm were found unless Qi-.GlyHisGly)", a.scprltlnc its 396 nm absorption maximum proved challenging due to
acid, and.HOZ v_vere all present. The characteristic'eu overlapping UV+vis absorption bands from its alkene
(_HszIy2H|sGIy) absorption band at 528 nm changes very peptide products. Therefore, separation of the reaction
little, but a large spectral band at 360 nm as vyell as tV‘,’O mixture was essential to characterize and identify Cu(lll) as
smaller bands at 434 and 460 nm grow in. Previous studies

) an intermediate in the #D./H,A reaction. The Cli(H_.Gly,-
by McDonald and co-worke?s show that alkene peptide HisGly) complex was separated from the reaction mixture

species, which have absorption bands near 360 nm, serve af;Cu”(H,ZGIyZHisGIy)— H,0,, HoA, and other products) by
excellent indicators of transitory Cu(lll)-intermediates. There- allowing a reaction tir;le of c;nly 3'950 s at p[H] 6.6 prior

fore, the data in Figure 5 indicate the probable presence ofto its injection on the chromatographic column. A strong

a Cu(lll)-intermediate in the $D,/H,A reaction. cation exchange column was used with 0.075 M JRO

bCoppgr(IIL)—p(jeptide (_:omhplex_e‘_s .con;aérégg/\cl)o U\X/isd 1 = 0.10 M (NaClQ), and p[H] 2.47 as the eluent. The
absorption bands, one in the vicinity o nm an Cu(lll) peak that eluted at 3.7 min had characteristic

5,6,8 iti i
the other at 356410 nm>°8 The decomposition reactions absorption bands at 260 and 396 nm (Figure 7). An

of Cu(llllzj comple?<$sdof h&silrclilr_le—c;)ntg|n|ng peptldetT, aret electrochemically generated Cu(lll) complex gave identical
general-base assisted, and their rates increase greatly as r1"3tention times and spectral bands. Table 3 gives the retention

(45) Steinman, H. G.; Dawson, C. B. Am. Chem. S04.942 64, 1212 times for various species in the reaction mixture. The
1219. chromatographic separation of the Cu(lll) complex at[H

p[H"] increase$:® Decay of Cu(lll) in these reactions
produces an-OH intermediate of histidine that rapidly
dehydrates to form an alkene peptide.

Stopped-flow methods permit the partial loss of' (1o
Gly,HisGly)~ to be observed within 30 s (Figure 6) at 528
nm when it is mixed with HO,/H,A at p[H*] 6.6. The initial
product, CU'(H-,Gly,HisGly), has little absorbance at 528
nm, but its rapid formation can be seen at 360 nm.
Subsequent reactions of the Cu(lll) complex (@®00 s)
produce alkene peptide species and regenerate some of the
initial Cu(ll) complex. The alkene species have even larger
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Figure 7. Diode array spectra of GY(H—-,Gly,HisGly) complexes eluting
at 3.7 min. Elution occurring at p[H = 2.47 in 0.075 M [PQlt, Adet =
402 nm, 1 cm cell path length, 1.0 mL/min flow rate, and 500sample
loop. (a) Chemically generated Cu(lll) species: [Cuflli} 1.02 mM,
[L]T = 1.12 mM, [HO;] = 1.00 mM, [HA] = 1.00 mM, air saturated,
« = 0.10 M (NaClQ), p[H*] = 6.6 (0.020 M [PQ]T), and 25.0°C. (b)
Electrochemically generated Cu(lll) species: [Cu@l¥ 1.03 mM,
[L]T = 1.14 mM, air saturatedy = 0.10 M (NaClQ), p[H'] = 6.6
(0.020 M [PQ]y), 0.82 V vs Ag/AgCl, 2.0 mL/min flow rate, and 25°C.
Collected in 0.084 M HCI@

Table 3. Retention Times of Reaction Spedies

reaction species retention time, min

H,0L 29
L-ascorbic acifl 3.3
Cu(lll)Gly HisGlye 3.7
dehydroascorbic actd 4.2
Cu(ll)—E-N"—H complex 4.7
Cu(I)—HPOP 5.9
Gly»-Z-0.,5-dehydro(N—H)HisGly* 10.5
Gly:HisGly? 15

aWhatman Partisil 10 SCX analytical column, 28®, 0.075 M [PQ]r,
« = 0.10 M (NaClQ), p[H"] 2.47, 1 cm cell, 1.0 mL/min flow rate, and
HP diode array detectoP.Retention time was checked against that of a
known standardt Retention time was checked against that of electrochemi-
cally generated Cu(lll) and its decay products.

the present work, a 1:1 ratio of A and HO, was
maintained to be consistent with Dervan’s studiés.

Reaction SequenceThe proposed series of reactions is
given in egs 1517 where Cli(H-,Gly-HisGly)~ reacts with
the ascorbic acid/kD, mixture to generate GlU(H_Gly,-
HisGly). Two Cu(lll) complexes are needed to oxidize the
histidyl residue to aru-hydroxy derivative, Gly-a-OH—
HisGly (eq 16), that in turn decays to form the alkene peptide,
Gly,-a,5-dehydro-HisGly (eq 17). Copper(lll) loss is rapid
(t2= 32 s at p[H] 6.6) to form thea-OH—His derivative.
The proposed Cu(ll) complex of this derivative is shown in
Figure 2d. Similaro-OH intermediates are known to exist
for Ni'"(H_,Gly,-0-OH—Ha)!?*¢ which was identified by
X-ray crystallography and for Aibo-OH—Ha which was
identified by'H NMR.5

H0HA

Cu'(H_,Gly,HisGly)~ cu"(H_,Gly,HisGly) (15)

Il . H_ZO,
2Cd" (H_,Gly,HisGly)
2H" + CU'(H_,Gly,HisGly)” +
CU'(H_,Gly,-a-OH-HisGly)~ (16)

Cu'(H_,Gly,-o-OH-HisGly)” —
Cu'(H_,Gly,-a8-dehydro-HisGly) + H,0 (17)

The detailed mechanism of Cu(lll) formation by the®d
and ascorbic acid mixture in eq 15 remains uncertain.
However, hydroxyl radicalsB® = 1.97 V at p[H] 6.6)*"
are proposed to form in $A/H,0, oxidation reactiong**®
and reaction betwee®H and Cll(H_,Gly,HisGly)™ to give
the corresponding Cu(lll) complex is favorable by 0.99 V.

2.47 is possible because the complex is sluggish in its The Cu'(H_,Gly-HisGly) complex would be an excellent

substitution reactions (as are other Cu(lll) complex&&nd

reservoir for additional redox reactions. In Dervan’s method,

remains coordinated at low pH. On the other hand, the this could lead to site-specific cleavage because the Cu(lll)

original Cu(ll) complex dissociates quickly at low pH.

complex is attached to Hin recombinase and is not mobile.

Chromatographic separations of the reaction mixture after In the present case the Cu(Hpeptide complexes are mobile
50 s demonstrate 89(4)% loss of the original ascorbic acid and can react with each other (eq 16) to cause a two electron

and 49(2)% loss of bD,.

Copper(lll) Yields. The molar absorptivity of the Cu-
(111 complex (ezg6 = 1.7(2) x 10°* M~% cm™1) was deter-
mined by reaction of the Cu(ll) complex with Ir&f with

oxidation of the peptide.

Cu(lll) Formation and Decomposition Kinetics. Ob-
served decomposition rate constants for Cu(lll) generated
by IrCls>~ or bulk electrolysis were determined by monitoring

stopped-flow and was confirmed by bulk electrolysis mea- absorbance loss at itnax (396 nm). A first-order loss of
surements. Chromatographic separation gave Cu(lll) yields Cu(lll) at 396 nm was found withossq= 1.7(2) x 1072 s7*

of 47(2)% and 97(2)% (based on [Cu(M)]for chemically

at p[H] 6.6 andkopsa = 5.4(2) x 103 st at p[H'] 2.5. A

and electrochemically generated mixtures. These values werdirst-order loss in Cu(lll) is observed because the second Cu-

calculated by using the molar absorptivity of the Cu(lll)-
intermediate after taking into account the decay at'ph5

(Il in eq 16 reacts in a subsequent, rapid step. The loss of
electrochemically generated Cu(lll) in the presence of 1.0

during the 222 s interval between the mixing and observation MM ascorbic acid gavéss= 2.5(4) x 1072 s+ at p[H']

times.

When a 2:1 (HA/H,0,) ratio is used, the yield of Cu(lll)
is 98% (based on [Cu(l). Higher levels of Q in the
solution reduce the amount of Cu(lll) formed because O
also reacts with BA. We observe only half of our anticipated
yield with a 1:1 (HA/H,0,) ratio. This is attributed to Cu-
(INGly,HisGly catalysis of reactions between® and HA

that depletes their concentrations. Nevertheless, in most of

6.6 and 4.9(4)x 103 s !at p[H'] 2.5. The presence of 1.0
mM H,A at p[H'] 6.6 slightly increases Cu(lll) loss and
suggests that only small amounts of Cu(lll) are reduced by
ascorbic acid at this concentration. However, higher con-

(46) Sakurai, T.; Nakahara, Anorg. Chim. Actal979 34, L243—L244.

(47) Standard Potentials in Aqueous Solutidard, A. J., Parsons, R.,
Joseph, J., Eds.; Marcel Dekker: New York, 1985; p 63.

(48) Oya, Y.; Takenaka, A.; Ochi, T.; Yamamoto, Kutat. Res.1992
266, 281—289.
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centrations of HA (20 mM) rapidly reduce Cu(lll) (within is generated within 1000 s (stopped-flow time limit), the

18 s) to the Cu(ll}-peptide complex, and less than 2% of reaction was monitored over a longer period with a-tJV

the alkene decomposition products (based on [Cu{)IBte vis spectrophotometer, and the absorbance increase was fit

formed. Lappin and co-worketsfound that oxidation of  to a single-exponential curve. This; value was found to

ascorbic acid by Ni(IV) complexes is enhanced at pH values be 1.5(4)x 102 st at p[H"] 6.6 over the period of 200

near its first )X, (pKs = 4.03), and they also reported a factor 6000 s and gave a 44% yield of the Cu{tg-N"—H alkene

of 4 slower reduction at pH 2.3 compared to pH 5.3. (based on [Cu(lll)}). Interference from the Cu(H)E-N*"—H
Rapid formation of Cu(lll) by the bD./H,A reaction with species at 360 nm is minimal (6% of the total signal).

the Cu(ll) complex was followed by stopped-flow methods = Observation of the minor alkene product (Cu{iB-N"—

because the U¥vis data from 200 to 6000 s in Figure 5 H) was possible because it has intense absorption bands at

are due to the alkene absorption bands after the loss of Cu434 and 460 nm. Data collected at 460 nm for the formation

(1. Two alkene products are identified that are imidazole of the Cu(ll}-E-N"—H alkene gave an observed rate constant

tautomers and geometric isomers of one another. We assigrof 2.2(1) x 104 s at p[H'] 6.6 after 6000 s. The

the major decomposition product at 360 nm (45(2)% based absorbance increase at 460 nm fits a double-exponential

on [Cu(lll)]1) as CU(H-Gly»-Z-o.5-dehydro(N—H)HisGly)~ curve whereegso = 11 000 Mt cm™ for the Cu(ll}-E-

(Figure 2e). The initial Cu(ll) and Cu(lll) complexes are N"—H species¢sso = 230 M* cm* for the Cu(ll)-Z-N"—H

bound with 5,5,6-membered chelate rings so that after alkene, and,; = 1.5(4) x 10-3s™*for the Cu(ll)-Z-N"—H

dehydration the alkene peptide must be iZ geometric alkene. The double-exponential fit represents two concurrent

conformation. As shown in Figure 2e, the imidazole in the pathways: one is the formation of the Cutf-N"—H

Cu(ll)—alkene peptide complex must also be in &M alkene by thex-OH species, and the other is the formation
tautomeric form. The major product forms 7 times faster than of the Cu(Il)-E-N"—H alkene from anothes-OH species
the minor product, CUYH-3sGly,-E-a,S-dehydro(N-H)- that is partially dissociated from Cu(ll). The secomeDH

HisGly)?~ (Figure 2f), with absorption bands at 434/460 nm species is proposed to be a transient bis complex that forms
(3—5% based on peptide recoveries). Their identification is by dissociation of the imidazole group of theOH species

discussed later. from Cu(ll) that is replaced by residual GHisGly. Bis-

In Figure 6, data collected at pfffl 6.6 show rapid ligand Cu(ll) complexes were not directly observed in our
formation of Cu(lll) at 360 nmK;s = 8.1(3) x 1072 s7Y) work, but small amounts of these complexes could be present
but do not illustrate the loss of Cu(llIk{s = 2.14(3)x 102 within our experimental error (Table 1). Dehydration of the
s1) to give thea-OH species because the Cu@B-N—H o-OH peptide must take place when the imidazole group is
species that grows in with timéu = 2.24(3) x 1073 s7Y) not coordinated to copper in order to generateBhgomer.

has a larger extinction coefficient (Table 2). A consecutive The bis complex would facilitate formation of teN™—H
first-order mechanish (A — B — C — D) was used to fit ~ alkene. This process is described in more detail in a later

the data for the formation of Cu(lll)§go = 600 Mt cm™?), section. The observed rate constant for the formation of the
its decay to Cl(H_,Gly,-a-OH—HisGly)~, and formation Cu(Il)—E-N"—H alkene is a combination of the formation
of the alkene peptides{so = 2900 Mt cm2). The copper-  ©Of the proposed transient bis complex and its dehydration.

(€360 = 2 M~ cm). is not included in the fit. The induction period is believed to
Figure 6 also includes data collected at 528 nm that show occur because of dissociation of imidazole from copper and
loss of CU(H_,Gly,HisGly)~ within 30 s to form Cu(lll) formation of the transient bis complex. The formation of the

. . . _ Cu(ll)=E-N"—H alkene is 14% slower at p[H 6.6 as
which decays (eq 16) to give €{H_,Gly,HisGly)~ and . G
CU'(H_,Gly,-a-OH—HisGly)". Molar absorptivities of 96 ~ cOmpared to the Cu()Z-N'—H species, and its yield is
M~tcm™tat 528 nm are used for C(H_,Gly,HisGly)~ and kinetically limited. _ .
CUu'(H-.Gly,-a-OH—HisGly)", whereas the Cu(lll) complex Enhanced Cu(ll) Complexation by E-N"—H. The
has es;s = 7 M1 cm™L. The rate constants for Cu(lll) Z-N"—H alkene dissociates from Cu(ll) below pH 3, whereas

formation and loss are within the error of the 360 nm data. theE-N"—H species remains complexed even at fj[#.7.
The initial rate data at 528 nm give a calculat&d that The 434/460 nm bands are unaffected by the pH change.

corresponds to 49% Cu(ll) loss (eq 15), but only 24% Spe.ctrallproperties of individual reaption species are sum-
absorbance loss is observed because of the high molalmf”zed in Table 2. The proposed minor alkene prodeet (
absorptivity of the subsequent alkene species (Table 2) that\"—H) retains Cu(ll) strongly and does not release it unless
form aftero-OH dehydration (eq 17). EDTA is present fo2 h atneutral pH. This resulting mixture

Formation Rate Constants of Alkene ProductsBecause is_chromatographically separated at neutral pH, a_n_d the
only 21% of the Cu(I1)-Z-N*—H alkene (based on [Cu(lIR] unbound product has bands at 295 and 370 nm. Addition of
Cu(ll) to the unbounde-N*—H species regenerates the 434/

460 nm peaks. Th&-N°—H copper complex has a signifi-

(49) Lappin, A. G.; Laranjeira, M. C. M.; Lawson, Y.-Q. Chem. Soc.,

Dalton Trans 1981 721725, cantly lowerdnax than theE-N"—H copper complex, which
(50) (2) E'\flp'élr\sw,H J‘l'lmrtllemi\c(al lP((ir:lL%t;css and7gg(a)ct(ig)nglechaniszmz indicates that different groups are coordinated to Cu(ll).
eda.; McGraw-Hill: ew YOrK, ;PP . onnors, K. A. . . .
Chemical Kinetics: The Study of Reaction Rates in SoluNa®H Voltammetric data show a much lower I’ETdUC'[IOh potential
Publishers: New York, 1990; pp 677. (by 0.29 V) for the Cu(llI/Il}=E-N"—H speciesE' = 0.946
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V (vs NHE) at p[H"] 6.7)°* as compared to the Cu(lll/H) 0.05

Z-N'—H complex. The 0.29 V lower reduction potential

supports a triply deprotonated structure where the depro- 0.04 |

tonated peptide nitrogens are strangonors to copper and g

will lower the potential by~0.3 V52 Removal of a proton 5 00
from the third peptide nitrogen is attributed to the extended g
conjugation of theE-N"—H isomeric form. Thus, the £ 0.02
E-N"—H isomeric form (Figure 2f) appears to coordinate 2 ool L

Cu(ll) strongly and in a different conformation than the
Z-N'—H species. Mass spectrometric analysis demonstrates
isotopic splitting consistent with copper for chromatographi-
cally separated fractions of the Cu(HE-N"—H complex.
Gly,-a-OH-HisGly Dissociation Permits E-N"—H For-
mation. The major reaction producZ{N’—H) forms when

0.00 ¢ . . . n a : ,
200 250 300 350 400 450 500 550 600

Wavelength, nm

Figure 8. Diode array spectra of GlyZ-o,3-dehydro(N—H)HisGly
eluting at 10.5 min. Elution occurring at pffi= 2.47 in 0.075 M [PQ]T,

the a-OH intermediate is bound to Cu(ll) in a 5,5,6-
membered ring system (Figure 2). The minor prodiet (
N7—H) must form when Glya-OH-HisGly is either fully

Adet = 360 nm, 1 cm cell path length, 1.0 mL/min flow rate, and %Q0
sample loop. (a) Chemically generated alkene species: [GuH)1.02
mM, [L]+ = 1.12 mM, [HO;] = 1.00 mM, [HA] = 1.00 mM, air saturated,
« = 0.10 M (NaClQ), p[H'] = 6.6 (0.020 M [PQ]T), and 25.0°C. (b)
Electrochemically generated alkene species: [Cu(f]L.03 mM, [L}r =

or partially dissociated from Cu(ll) (without imidazole 114 MM air satrateds = 0.10 M (NaCIQ), plH*) = 6.6 (0.020 M
coordination) and the histidyl residue can freely rotate. We [PO41), 0.82 V vs Ag/AgC, 1.0 mL/min flow rétf;’ and 25°C. Collected
have measured the rate constant for formation of the Cu-in 0.084 M HCIQ.

(I) —peptide complex (8.& 1* M~*s! at p[H'] 6.8) and
estimated a dissociation rate constant ok 7107 s! at
p[H'] 6.6. This would correspond to only 0.4% complete
dissociation in 6000 s. Therefore, partial dissociation must
provide the main pathway for the formation of thésomer.
Proton-assisted partial dissociation of imidazole in8ig
from Cu(ll) has been observ&#* and would have a rate
constant of 0.045¢ at p[H"] 6.6. The partially dissociated
intermediate would have a very small concentration. The
5—-10% excess of GhHisGly in solution could assist this
reaction by forming small amounts of a bis complex. Under
our conditions (p[H] 6.6 and 0.020 M [PQ)+), 99.3%
copper is bound and 0.7% additional &#jsGly is available

for coordination. The bis complex could aid the full
dissociation of thex-OH peptide, or it could hinder reforma-
tion of the imidazole-Cu(ll) bond long enough for dehydra-
tion to occur. The bis complex would not be expected to be
in equilibrium with theo-OH species because the terminal
glycyl group provides steric hindrance. Other researchers
have reported bis-ligand complexes for gljs, 2855 where
small amounts of these species would be present under ou
conditions.

After dehydration occurs, we propose that increased
electron delocalization in the conjugated peptide helps to
deprotonate the third peptide nitrogen with the assistance of
copper. Copper binds th&N”"—H alkene in a 5,5,5-
membered ring system (Figure 2f). This type of ring
formation also is observed with coppeetraglycine com-
plexes?>256.5"The K, of the third peptide nitrogen is 9.14
for Gly, in the presence of Cu(f§but is orders of magnitude

lower for the conjugated peptide. The imidazole group of
Gly,-0-OH-HisGly protonates when it is no longer bound
to Cu(ll). The imidazolium nitrogenky, values are decreased
due to conjugation, and intramolecular hydrogen bonding
from the hydrogen on the™No the terminal glycyl residit@
would favor deprotonation of the?NThe greater conjugation
of the E-N"—H isomer is more thermodynamically stable
than theE-N’—H form. A 5,5,7-membered chelate, where
the N coordinates copper instead of the third peptide
nitrogen, is not possible because of steric hindrance. The
minor alkene occurs after Cu(lll) forms and decays (within
100 s, Cu(lll) formationty, is 8.5 s and decatj, is 32 s)
and thea-OH species becomes partially dissociatag €
15 s). Then, dehydration and deprotonation of the third
peptide nitrogen would form this complex. The 100 min time
frame is sufficient to allow for all these processes to occur.
Chromatographic Separation of Alkene Products.Cop-
per(lll) decomposition products generated from thgOp
H,A reaction were separated on a strong cation exchange
t(:olumn at p[H] 2.47 and 0.075 M [PQr (v« = 0.10 M
(NaClQy)). Elution at 10.5 min gave a species with absorption
bands at 285 and 350 nm (Figure 8), while the peak eluting
at 4.7 min had a diode array spectrum (Figure 9) with bands
at 434 and 460 nm. The species with spectral bands at 434/
460 nm is the Cu(ll-E-N"—H alkene, and the species with
peaks at 285/350 nm is th&N’—H alkene. Electrochemi-
cally generated Cu(lll) decomposition products gave identical
retention times and spectral bands, which further supports
the presence of Cu(lll) in the #./H,A reaction. Elution
of the Z-N*—H alkene corresponds to a retention time when
unbound to Cu(ll) (average charge 4sl1.6), which is a
function of its imidazolium nitrogen i, values (fKJm™) =
3.7(1) and K™ = 8.4(1))>* The parent peptide, GliisGly,

(51) Burke, S. K.; Killingbeck, L. E.; Margerum, D. W. Alkene Peptide
Geometric Isomers with Imidazole Tautomers of £dy/-dehydro-
HisGly. To be submitted for publication.
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1976 98, 7268-7274.

(55) Sakurai, T.; Nakahara, Anorg. Chem.198Q 19, 847—-853.
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(57) Margerum, D. W.; Chellappa, K. L.; Bossu, F. P.; Burce, GJL.
Am. Chem. Sod 975 97, 6894-6896.

(58) Steiner, T.; Koellner, GChem. Commuril997, 1207-1208.

Inorganic Chemistry, Vol. 42, No. 19, 2003 5815



Burke et al.

0.20 or hydrolysis productg! The fraction collected at 4.7 min
gave an/zof 387.2, demonstrating that tBeN"—H species
5 015 is still bound to Cu(ll) because of an isotope splitting
e consistent with copper (Cu(ll+= M + e)*. Copper
i 010 complexes were not observed in mass spectrometric data for
g the Z-N"—H fraction.*H NMR analysis of theZ-N"'—H and
g E-N"—H alkenes without the metal present gave a singlet at
< 005 0 = 5.9 and 6.2 ppm that indicates both species contain a
double bond between the*@nd . Two singlets atd =
0.00 s A . . . 7.0/8.3 and 7.1/8.4 ppm, which are characteristic of protons
2000250300 350 400 450 500 550 600 on the imidazole carbons, were observed for Za™—H
Wavelength, nm and E-N"—H species. The greater downfield shift for the
Figure 9. Diode array spectrum of Cu(ll) bound to GlyE-a,5-dehydro- protons of theE-N"—H alkene compared to tha&-N"—H

(N7*—H)HisGly eluting at 4.7 min. Elution occurring at pffi = 2.47 in ; ; _
0.075 M [PQlr, Zeet = 360 nm, 1.0 mL/min flow rate, 1 cm cell path species demonstrates a more conjugated system. FT-IR data

length, and 5.0 mL sample loop. Chemically generated alkene species: &IS0 illustrated the presence of a conjugated system of double

[Cu()]r = 1.02 mM, [L}r = 1.12 mM, [H0;] = 1.00 mM, [HA] = 1.00 bonds in the oxidized peptide structure because of the sharp
mi. 2 salurated = 0.10 M (NaCla). P[H'] = 6.6 (0.020 M [PQx), C=C stretch observed at 1620630 cnt’. Therefore, both
an .0°C. ’

species are alkenes with a conjugated system of double

begins to elute a minute later because it has a slightly morebonds, and th&-N"—H alkene has more conjugation than
positive charge (average chargeti4.7) at the elution pH  the Z-N"—H species and retains Cu(ll) at low pH.
due to its different degree of imidazole protonation. The Cu-  The absorption bands for both alkene peptides are pH
(II) complexes of thez-N"—H alkene and GhHisGly are dependent! A typical spectrum of the alkene peptide species
destroyed upon acidification to pffi2.47. In acid, the ligand  under acidic conditions is observed with tW@a.x values at
adds a second proton to imidazole, and there are no longer285 and 350 nm, as in Figure 8. Both alkene species have
tautomeric forms. When the p[iis adjusted to 6.7, it is  these bands at low pH when unbound to CUfilt neutral
possible to separate th&N—H and Z-N"—H isomers’! pH, theZ-N"—H alkene hadmax at 295 and 360 nm, while
Only the Z-N*—H isomer forms a strong Cu(ll) complex. the E-N"—H alkene haslmax at 295 and 370 nm when not

The E-N"—H alkene has imidazolelfy values lower by coordinated to Cu(ll). At high pH, both species have peaks
3—6 log units than GiyHisGly because conjugation in the at 305 and 400 nm, which represent the fully deprotonated
oxidized peptide delocalizes the electron density and reducedorms. The spectral bands for tlEeN*—H alkene have a
protonation. TheE-N"—H alkene remains bound to Cu(ll) slightly higherimaxthat indicates a more delocalized structure
at the elution p[H] of 2.47. The 434/460 nm absorption because of the fourth bond in direct conjugation (Figure 2f).
bands disappear to give 295/370 nm absorption bands wherirhe spectral characteristics suggest greater conjugation for
the solution is mixed with EDTA fo2 h and chromato-  the E-N"—H alkene and are in agreement with fifeNMR
graphically separated. Addition of Cu(ll) to the pldN™H data. Therefore, the two alkenes were assigned as imidazole
fraction regenerates the 434/460 nm bands. This species hatautomers of one another in which tBeN"—H alkene has
an earlier retention time (average charge-i3.5) than the a N*-H assignment because it has four double bonds in
Z-N'—H alkene and GlHisGly that is a function of its  conjugation and th&-N*—H species has a™'H assignment

imidazole K, values (K™ = 2.2(8) and K™ = 7.1(6)) because it has three double bonds in conjugation, as seen in

and copper bindingt Figure 2e. Tautomers af-histidine found in proteins and
Maximum alkene yields were obtained after allowing the small peptides have been previously described in the

products to form for 100 min at p[H 6.6. Yields for the literature>®=7° and they are observed to coexist at neutral

chemically and electrochemically generafet™—H alkene pH with reported ratios of 8% or 6.5:3.8% (N'—H/N"—
are 45(2)% and 47(1)% (based on [Cu(l))]respectively. H).

The Cu(ll-E-N"—H species is a minor product of the
reaction and has a yield of-%%, based on GpHisGly (59) Ashikawa, I.; ltoh, K.Chem. Lett1978 681-684.

0 _NT— i i (60) Tanokura, MBiochim. Biophys. Actd983 742, 586—596.
(49(1.) /0) and.Z_N H re,cove“es’ Whl(,:h accounts fqr the (61) Farr-Jones, S.; Wong, W. Y. L.; Gutheil, W. G.; Bachovchin, W. W.
remaining oxidized peptide. The reaction sequence in eq 16 J. Am. Chem. S04.993 115 6813-6819.
predicts 50% recovery of GiflisGly. The molar absorptivity ~ (62) f()'géllzllé-: Ludevid, M.-D.; Pedroso, Bioinorg. Chem.1986 14,
for the Cu(ll}-E-N"—H species was estimated from its yield (63) Aubry, A.; Vlassi, M.; Marraud, Mint. J. Pept. Protein Re<L986

(Table 2). 28, 637-648.

e : . _ (64) Shimba, N.; Takahashi, H.; Sakakura, M.; Fujii, I.; Shimbd, Am.
_ Identification of Cu(lll) Decomposition Products. Frac Chem. $0c1998 120, 10988-10989.
tions of Cu(lll) decay products were collected and analyzed (65) Tanokura, MBiochim. Biophys. Actd983 742, 576-585.
Griffin, R. G. J. Am. Chem. S0d.982 104, 1192-1196.
data (PD-MS and ESI-MS) for both products gave a peak at g7y Jewsbury, P.; Kitagawa, Biophys. J.1994 67, 2236-2250.

m/z = 325.4. This value represents loss of two hydrogens (68) LBhg_tteui]h<‘:1ry§1,1§$-):7 S7uSkit?’sé3% Zéi\gacLaughlin, K. L.; Lecomte, J. T.
P : - f . Biophys. J. 73, .

from the original peptide tq give Giyx,ﬂ-dehydro.-HISGW (69) Reynolds, W. F.; Peat, I. R.; Freedman, M. H.; Lyerla, J. R.J.Jr.

(M + H)*. The other peaks in the spectra are sodium adducts ~ Am. Chem. Sod973 95, 328-331.
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We do not observe any interconversion betweerrthad when copper was added to the pl-dN™—H fraction. The
E alkene products, but their respective imidazole tautomers N*—H isomer forms have a 10 nm greatgsax than the
do interconvert with pH alteratiott. Because we obtain  N'—H species.

geometric isomers and imidazole tautomers of x8ly3- The imidazole tautomer assignments are based on their
dehydro-HisGly with different degrees of protonation, 16 apsorption bands, imidazoliunkp values, elution charac-
possible species result in which 4 isomeric forms of the teristics, andH NMR, while the geometric isomer assign-
alkene are present at neutral pHin other systems, imidazole  ments were based on reduction potentials, enhanced copper
tautomer interconversion is too rapid to obsefveyut binding, and interconvertibility. This work shows that
conjugation within the peptide freezes the tautomer forms taytomer species can be distinguished because they are slow
and eliminates their interconversion at neutral pH. The g interconvert due to the presence of a conjugated system
Z-N"—H andE-N"—H species result only when the solution  of gouble bonds. Crystal structure data by de Meester and
pH becomes acidic and causes protonation of both imid- HodgsoA!12show an alkene peptide species {Ei,Gly,-

azolium nitrogens. After the alkene peptide is fully pro- o g dehydro-Ha)) that is present asia isomer Z isomer).
tonated, the solution pH is increased to neutral pH, and a
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